Abstract: Chaperonin 10 and chaperonin 60 monomers exist within the multimeric mitochondrial chaperonin folding complex with a stoichiometry of 2:1. This complex is located in the mitochondrial matrix, where it aids in the folding and acquisition of the tertiary structure of proteins. We have previously isolated the cpn10 cDNA in zebrafish (Danio rerio), and demonstrated that it is ubiquitously expressed during embryonic development and transcriptionally upregulated after exposure to heat shock. In the present study, we have isolated a cDNA encoding chaperonin 60 (cpn60) from zebrafish, and have shown that it is similarly expressed uniformly and ubiquitously throughout early embryonic development of zebrafish. Upregulation of cpn60 expression was also observed after exposure of zebrafish embryos to a heat shock of 1 h at 37°C compared with control embryos raised at 27°C. The induction of the cpn60 heat shock response was greatest after 1 h of heat shock, whereas significant decreases of cpn60 mRNA were observed within 2 h following a return to 27°C. We subsequently isolated genomic DNA sequences for both of these genes, and show that they are also arranged in a head-to-head organization and share a common bidirectional promoter that contains a single heat shock element (HSE). Our database analysis shows that this head-to-head organization is also found in human (Homo sapiens), rat (Rattus norvegicus), pufferfish (Fugu rubripes), and Caenorhabditis elegans, but not in Drosophila or yeast (Saccharomyces cerevisiae). The data suggest that the genomic organization of the cpn gene complex has been conserved across the vertebrates.
Introduction
Our laboratories have been involved in studying the roles of a number of heat shock proteins (HSPs), including Hsp47, Hsp70, and Hsp90α, during the development of zebrafish (Danio rerio) embryos (Sass et al. 1996 ; Sass and Krone 1997; Sass et al. 1999; Lele et al. 1999) . Exposure of zebrafish embryos to elevated temperatures resulted in the characteristic transcriptional activation of these heat shock genes. This type of heat shock response is known to occur in many cell systems and organisms, and it is known that the subsequent synthesis of HSPs provides a protective function to other proteins (reviewed in Morimoto et al. 1994) . In zebrafish, we have also shown that at least two HSPs, Hsp47 and Hsp90α, may play more specific roles in normal embryonic cellular differentiation of notochord and muscle cells, respectively Lele et al. 1999) .
Two of the most widely studied heat shock proteins from Escherichia coli, GroEL and GroES, are members of the chaperonin family (Hemmingsen et al. 1988) and are involved in protein folding in this and other prokaryotes. Homologues of GroEL and GroES, termed Cpn60 (Hsp60) and Cpn10 (Hsp10, co-chaperonin), have been identified in eukaryotes (Gupta 1995) and are involved in protein folding and transport in mitochondria and the plastids of plants (Lubben et al. 1990; Hartman et al. 1992) . In addition to their roles in the mitochondria of eukaryotes, localization of Cpn60 in cytosol (Itoh et al. 1995) and the cell surface (Fisch et al. 1990 ) of mammalian cells has suggested a number of nonmitochondrial functions. Furthermore, Elias et al. (1990) suggested that Cpn60 might be the target antigen responsible for autoimmune diabetes.
Regardless of the other non-mitochondrial roles for Cpn10 and Cpn60, one of their important roles is the support of the cellular energetics system within the mitochondria. Many types of embryos including the zebrafish develop at extremely fast rates (Kimmel et al. 1995) . In the case of the zebrafish, a fertilized egg reaches the 1000-cell stage at approximately 4 h, and is a recognizable fish larva in less than 48 h. The rapid developmental rate of zebrafish embryos would produce considerable demand on the energy systems of embryonic cells. Despite its apparently obvious importance in the early development of embryos like the zebrafish, there has been very little study of Cpn10 and Cpn60 in embryonic systems.
We have recently cloned the zebrafish cpn10 cDNA and investigated its expression during zebrafish embryonic development (Martin et al. 2001) . We observed the presence of maternal cpn10 mRNA in blastula-stage zebrafish embryos and the early zygotic transcription of cpn10 after mid-blastula transition. These observations suggest important roles for Cpn10 in zebrafish embryonic development. It is important to also investigate Cpn60 in zebrafish because Cpn10 and Cpn60 proteins function together within mitochondria as a multimeric complex. Thus, to investigate the role of chaperonin 60 in embryonic development, we have cloned a zebrafish cpn60 cDNA and analyzed the expression of this gene during the development of the zebrafish embryo under normal and stress conditions (heat shock). Furthermore, we isolated genomic DNA sequences containing the promoter regions for zebrafish cpn10 and cpn60 genes, and show that they are arranged in a head-to-head fashion with a short 860-bp intergenic region containing a single heat shock element (HSE). The genomic arrangement of cpn10 and cpn60 in zebrafish provides an efficient mechanism for coordinate regulation of these two genes. Previous reports have demonstrated that a similar genomic organization is found in rat (Ryan et al. 1997) and our database analysis indicates that this arrangement has also been found in human, pufferfish, and Caenorhabditis elegans. Thus, this head-to-head organization is found in all vertebrate species analyzed, but is not restricted to vertebrates. Furthermore, although this genomic arrangement makes for an efficient mechanism to co-regulate cpn10 and cpn60, it is not a necessary requirement, because we have confirmed that these genes are unlinked at least in yeast and Drosophila.
Materials and methods

Animals
Embryos were obtained from zebrafish purchased from a local supplier or spawned and raised in house. Fish were maintained using standard methods (Westerfield 1995) . Embryos were maintained at 27°C and staged according to hours post fertilization (Kimmel et al. 1995) . Heat shock experiments involved placing embryos in a 35-mm petri dish containing 37°C water that was then floated in a 37°C water bath. Control embryos were not manipulated and were maintained in a 27°C incubator. Zebrafish were maintained according to the principles and guidelines of the Canadian Council on Animal Care.
Degenerate RT-PCR
Total mRNA was isolated from 24-h-old zebrafish embryos subjected to heat shock at 37°C for 1 h. First-strand synthesis was performed at 37°C using 1 ug of mRNA, 50 pmol of a 6-mer poly(A) primer, and 200 U of Moloney murine leukemia virus reverse transcriptase (Gibco BRL, Carlsbad, Calif.) according to the manufacturer's instructions. cDNA derived from 100 ng of mRNA was used for PCRs containing 8 pmol of each degenerate primer (described below), 1 mM dNTPs, 2.5 U Taq polymerase (Gibco BRL), 1.5 mM MgCl 2 , and the manufacturer's supplied buffer. Protocols of five cycles of denaturation at 94°C for 1 min, annealing at 37°C for 1 min, and extension at 74°C for 1 min were followed by 25 cycles of denaturation, annealing at 50°C for 1 min, and extension were performed. Degenerate primer mixtures were deduced from the cpn60 amino acid sequences GDGTTTA and KAPGFGD (Rusanganwa et al. 1992) , and contained NotI linker sequences: 5′-CGG GGC GGC CGC GGN GA(C or T) GGN ACN ACN ACN GC-3′ and 5′-GCC CGC GGC CGC TCN CC(A or G) AAN CCN GGN GC(C/T) TT-3′. These primers produced a partial-length cpn60 PCR product of 600 bp.
Sequence data derived from this partial cpn60 cDNA were used to construct a primer to clone 5′ cDNA sequences using 5′ rapid amplification of cDNA ends (5′ RACE) (Marathon, Clontech, Palo Alto, Calif.). Subsequently, a full-length zebrafish cpn60 cDNA clone (clone ID 2600158) was obtained from the zebrafish EST project (University of Washington, St. Louis, Mo., and distributed by Research Genetics Inc., Carlsbad, Calif.).
Sequence alignment and phylogenetic deduction
cpn60 DNA and protein sequences for several organisms (Table 1) were retrieved from GenBank. Protein sequences were aligned using the CLUSTALX program (Thompson et al. 1997) , based on the BLOSUM (Henikoff and Henikoff 1992) substitution matrices. Nucleotide sequences were then aligned with one another based on the protein alignment, and the nucleotides at the third position of each codon were deleted. Phylogenies were constructed in TREE-PUZZLE 5.0 (Strimmer and von Haeseler 1996) , using the WAG (Whelan and Goldman 2001) model for amino acid substitution and the TN (Tamura and Nei 1993) model for nucleotide substitution. Gamma-distributed substitution rates, as determined by the TREE-PUZZLE algorithm, were used in reconstruction of the DNA and protein trees. The resulting trees were visualized using TREEVIEW (Page 1996) .
Northern and Western blot analysis, and in situ hybridization
Total RNA was extracted from zebrafish embryos using Trizol reagent (Life Technologies). Twenty micrograms of total RNA from each sample were denatured and subjected to electrophoresis in a formaldehyde agarose gel according to Sambrook et al. (1989) . Northern blots were prepared and hybridized with a full-length cpn60 cDNA fragment labeled with 32 P using the random hexamer labeling procedure. After hybridization, the Northern blots containing RNA of 48-h-old embryos were subsequently stripped and reprobed with the zebrafish β-actin cDNA, which provides a suitable control for equal loading and RNA integrity at this stage of development (Pearson et al. 1996) . RNA integrity and equal loading were determined by ethidium bromide staining of the gel, because we have found significant variability in β-actin mRNA levels throughout the first day of zebrafish development, particularly at pre-gastrula stages. Effective transfer was determined by visualizing the gel after transfer was complete.
Protein isolation and Western blots were performed according to Sambrook et al. (1989) using a rabbit anti-Cpn60 primary antibody (Cat. #SPA-804E, StressGen, Vancouver, B.C.), a goat antirabbit secondary antibody HRP conjugate (BioRad, Hercules, Calif.), and chemilluminescence detection (Pierce, Rockford Ill.).
Embryo fixation and in situ hybridization were performed as described in Akimenko et al. (1994) .
Isolation of a cpn10 and cpn60 genomic clone
cDNA sequences corresponding to cpn10 (Martin et al. 2001 ) and cpn60 were employed in the screening of a zebrafish genomic library macroarray filter (Filter set #706) (RZPD, Berlin, Germany). These filters contained 104 064 P1 artificial chromosome (PAC) clones and we obtained four clones that were positive for both cpn10 and cpn60 cDNA. One of these clones was chosen for further analysis. The PAC DNA was subject to digestion with various restriction enzymes and Southern blot analysis. DNA fragments that were positive for cpn10 and cpn60 sequences were subcloned into pBluescript II (SK+) and sequenced. The continuity between DNA fragments was determined by designing PCR primers that flanked the junction points, performing PCRs, and sequencing the resulting PCR products.
Results
Cloning of cpn60 cDNA in zebrafish
Most studies on Cpn60 have focused on its roles in protein folding. We wished to exploit the advantages of the zebrafish model system to investigate cpn60 expression during early vertebrate development. Using universal degenerate primers (Rusanganwa et al. 1992) and RT-PCR, we isolated a 600-bp cDNA that putatively codes for the zebrafish Cpn60 protein (GenBank accession No. AY112665). Subsequently, we performed 5′ RACE to isolate cDNA sequences located 5′ to the original degenerate RT-PCR product. As well, we later obtained a zebrafish EST clone (GenBank accession No. AW115834) putatively encoding zebrafish Cpn60. By combining these cDNA sequences we produced a complete conceptual coding sequence for cpn60. The complete cDNA sequence was 2243 bp in length and contained a 5′ untranslated region (UTR) 80 bp in length along with a 438-bp-long 3′ UTR. The 5′ UTR of cpn60 was approximated from the sequence of the longest cDNA isolated in our laboratories. Sequence analysis and alignment of this cDNA using CLUSTALX (Thompson et al. 1997 ) indicated that it encodes a protein highly similar to Cpn60 from mouse, rat, human, and other eukaryotes (not shown). The amino acid sequence revealed a number of Hsp60 protein domains that are conserved across phyla (Brochhieri and Karlin 2000) including the ATP/ADP and Mg 2+ binding sites (DGVTVAK and AGDGTTTATVL, respectively) and substrate binding sites (EGMKFDRGYISPY) (Fenton et al. 1994 ). The phylogenetic tree based on protein sequences ( Johnson et al. 1989 M33301 Fungi Table 1 . Accession numbers, references, and major NCBI taxonomic groupings for all cpn60 sequences used for phylogenetic analysis.
in Fig. 1 , with Plasmodium falciparum set as the outgroup. The only topological difference between the protein tree and the DNA tree (not shown) is that the protein tree is completely resolved, with no multifurcating nodes, whereas the DNA tree contains an unresolved node that splits into three branches, leading to the hsp60 sequences of Drosophila melanogaster, Plasmodium lividus, and the chordates. There is a corresponding low support value (65) in the protein tree at the node that separates D. melanogaster sequence from the echinoderm-vertebrate group. Every other node in the tree has at least 88% support. Branching orders within the tree are consistent with relationships between taxa inferred from morphological and embryological data (summarized by Adoutte et al. 2000) , but differ from trees based on ribosomal RNA sequence, where arthropods and nematodes are sister groups. The zebrafish sequence is invariably found at the base of the chordate subtree, branching outside the two mammalian sequences. The amino acid sequences of the chaperonin genes are highly conserved in both prokaryotes and eukaryotes (Gupta 1995; Brocchieri and Karlin 2000) . Not surprising, the overall high amino acid sequence identity of our zebrafish Cpn60 compared with human Cpn60 (GenBank accession No. NM002156) is 86.4%; with rat Cpn60 (GenBank accession No. U68562) it is 87.3% and with Drosophila Cpn60 (GenBank accession No. X99341) it is 70.9%.
Embryonic expression of cpn60 in zebrafish
To determine if cpn60 is expressed in a developmentally stage-specific manner, we performed Northern blot analysis on total RNA collected from zebrafish embryos at early cleavage (1 h), blastula (4 h), midsomitogenesis (12 h), and postsomitogenesis (24 h) stages using the cpn60 cDNA as a probe ( Fig. 2A) . The cpn60 mRNA levels are relatively uniform in all developmental stages tested with only slightly higher enrichment in 24-h-old embryos. Because embryonic transcription in zebrafish does not start until the 1000-cell stage (mid-blastula transition (MBT)), the presence of cpn60 mRNA in 1-h-old embryos demonstrates that the cpn60 transcripts must be of maternal origin. Using Western blot analysis, we observed relatively uniform levels of Cpn60 protein in the same developmental stages (data not shown).
We have shown previously that in addition to strongly induced expression after heat shock, a number of heat shock protein genes, including hsp47, hsp70, and hsp90α, are also expressed in a tissue-specific manner during normal embryonic development of the zebrafish (Lele and Krone 1997; Sass et al. 1999 ; Blechinger and Krone, unpublished observations). In contrast, we have demonstrated that cpn10 is expressed ubiquitously throughout development of zebrafish under both normal and heat shock conditions (Martin et al. 2001) . To determine if cpn60 is expressed in a tissue-specific manner during zebrafish development, we performed in situ hybridization on zebrafish embryos at different stages of development. Whole-mount in situ hybridization using an antisense cpn60 riboprobe revealed that cpn60 mRNA is abundant and ubiquitously expressed in embryos from the time of fertilization until 24 h of development (data not shown), in the same manner as we have shown previously for cpn10 mRNA (Martin et al. 2001 ).
cpn60 expression is induced in zebrafish on exposure to heat shock
A majority of heat shock protein genes of eukaryotes exhibit a substantial upregulation of transcription, called the heat shock response, when cells are exposed to environmental stress or heat shock. Indeed, we have observed previously that the zebrafish heat shock genes cpn10, hsp47, hsp70, and hsp90α are heat inducible (Martin et al. 2001; Sass and Krone 1997) . To examine if cpn60 transcription in zebrafish is heat inducible, total RNA was isolated from both 48-h-old zebrafish larvae raised at 27°C and larvae exposed to an elevated water temperature of 37°C for 1 h (Fig. 3) . Using Northern blot analysis, we detected substantially higher levels of both cpn60 mRNA from embryos subjected to heat shock (37°C) for 1 h compared with embryos maintained at 27°C. cpn60 mRNA levels peaked after 1 h of heat shock and exhibited decreased levels of expression after 1 h of recovery at 27°C. The levels of mRNA remained elevated relative to levels found in control embryos until after 4 h of recovery at 27°C. Similarly, we observed increased levels of Cpn60 protein in embryos exposed to heat shock (data not shown).
Cloning of zebrafish cpn10 and cpn60 genomic sequences
To determine if the zebrafish cpn10 and cpn60 genes are arranged in a head-to-head organization similar to that found in other vertebrates like rat (Ryan et al. 1997) , we consecutively screened a zebrafish PAC genomic library with cDNA sequences for zebrafish cpn10 and cpn60 genes. Four clones were identified as positive for both cpn10 and cpn60 sequences, and one of these clones was used for further analysis. The average size of genomic inserts within the PAC library used is approximately 100 kb, and thus our initial screening results indicated that the zebrafish genes cpn10 and cpn60 are closely linked. Restriction digest analysis and Southern blot analysis facilitated the subcloning of PAC DNA restriction fragments containing the two chaperonin genes into a pBluescript SK+ vector. From these restriction digests we subcloned two DNA fragments, a 5.26-kb BamHI-EcoRI fragment and a 715-bp EcoRI-EcoRI fragment, containing the 5′ sequence of cpn10 and cpn60 (Fig. 4) . The 5′ UTRs of both cpn10 and cpn60, are indicated by arrows in Fig. 4 and are approximations based on the sequence of the longest cDNA isolated in our laboratories. Sequence analysis of these genomic DNA subclones revealed that the two genes are separated by an intergenic region of 860 bp and are transcribed in opposite directions (GenBank accession No. AY112664). A single heat shock element (HSE) containing the consensus sequence of an inverted repeat, NGAAN (5′NGAANN-TTCN3′), was found in this intergenic region and suggests the presence of a single bidirectional promoter. The first exon of cpn10 contains 44 bp of 5′ untranslated sequence and the putative translation start codon. The first and second exons of cpn10 are separated by a 1703-bp intron. The first exon of cpn60 is 63 bp long and contains only 5′ untranslated sequences. The second exon contains the translational start codon, no untranslated sequence and is 174 bp long. The first intron of cpn60 is 2818 bp long and the second intron is 112 bp in length. Our analysis of cpn10 cDNA clones has only provided information on a single transcriptional start site. Similar to results reported in rat (Ryan et al. 1995) , Northern blots of total zebrafish RNA indicated the presence of two cpn10 transcripts (Martin et al. 2001 ). Thus we cannot preclude the possibility of a second unidentified transcriptional start site for cpn10.
To determine if the head-to-head organization of the cpn10 and cpn60 genes is unique to vertebrates, we investigated the genome project databases of various organisms that have DNA sequences deposited at GenBank. To identify genomic clones from various organisms, we performed BLAST searches (Altschul et al. 1990 ) using expressed sequence tag (EST) and cDNA sequences for cpn10 and cpn60 obtained from GenBank (Table 2 ). Previously published works and our database analysis show that in human, rat, pufferfish, and C. elegans the cpn10 and cpn60 genes are linked in a headto-head organization and transcribed in opposite directions. In Drosophila and yeast, the genes are located on separate chromosomes.
Discussion
Previous work in our laboratories has shown that several zebrafish heat shock genes are expressed in unique spatial and temporal patterns coincident with putative targets of their chaperoning activity, and that some heat shock proteins may be directly involved in embryonic cellular differentiation events. The hsp90α gene of zebrafish, for example, is expressed in a spatial and temporal manner consistent with a role in the differentiation of slow and fast muscle lineages during development (Sass et al. 1996 (Sass et al. , 1999 . This hypothesis is supported by the fact that pharmacological inhibition of Hsp90 results in abnormal muscle development and somite patterning (Lele et al. 1999) . Moreover, another heat shock protein gene, hsp47, was found to be coexpressed with type II collagen in a tissue-specific manner in the developing zebrafish notochord .
Our present analysis of the expression of cpn60 revealed no tissue-specific expression during zebrafish development. Although our analysis did not include localization of Cpn60 protein within the cells of the embryo, the uniform and ubiquitous expression of cpn60 mRNA, together with previous data on Cpn60 function in other systems, suggests that it has a general cellular function in the zebrafish embryo. Zygotic transcription does not occur in the zebrafish until the 1000-cell stage (approximately 4 h post-fertilization); thus, the cpn60 mRNA found in 1-h-old embryos is of maternal origin. We have previously reported the presence of a maternal reservoir of cpn10 mRNA in 1-h-old zebrafish embryos as well (Martin et al. 2001) , suggesting that both of these genes exhibit similar maternal gene regulation. This maternal reservoir of cpn60 and cpn10 mRNA is likely required to maintain the uniform high levels of these chaperonin proteins that we observed during early development before the activation of the zygotic genome, but when extremely rapid cell-division times would place high energy demands on the cells. Genome Vol. 45, 2002 Fig. 3 . Expression of cpn60 is heat inducible. (A) Northern blot of total RNA collected from 48-h-old zebrafish embryos raised at 27°C; embryos exposed to 1 h of 37°C heat shock; and heatshocked embryos that were allowed to recover at 27°C for 1 h, Table 2 . Accession numbers, references, and gene location of our database analysis of the genomic organization of cpn10 and cpn60 genes in various phyla. Fig. 4 . Genomic organization of the zebrafish cpn10 and cpn60 chaperonin genes. A zebrafish DNA segment containing the first and second exons of cpn10 (grey box) and the first three exons of cpn60 (hatched box). The intergenic region between these two genes contains a heat shock element (black box). The two genes are transcribed in opposite directions (arrows). A second transcriptional start site (arrow) for cpn10 is indicated with a question mark to denote its identification by Northern blot only. monomers form a single heptameric ring that associates with one end of the double-ringed Cpn60 structure (Xu and Sigler 1998) . The precise stoichiometry of this arrangement suggests that the regulation of Cpn10 and Cpn60 synthesis may be tightly coordinated by the cell. In bacteria, coordinate regulation of expression of these two genes is accomplished by their organization into a single operon under the control of a common promoter sequence (Tilly et al. 1981) . In rat (Ryan et al. 1997 ), these two genes are physically linked and coordinate regulation of cpn60 and cpn10 expression is accomplished from a single bidirectional promoter containing an HSE. The expression dynamics of cpn10 (Martin et al. 2001 ) and cpn60 during zebrafish embryogenesis under normal and heat shock conditions are sufficiently similar to each other to suggest that a mechanism of coordinate regulation of these two genes may exist in zebrafish. The only significant difference that we observed between the expression of these two genes was found at the mRNA level at 4 h of development just before the activation of the zygotic genome (Martin et al. 2001 ). Here we observed low levels of cpn10 mRNA in the absence of a detectable reduction in protein levels. This observation suggests that there are differences in the mRNA turnover rates for these two mRNAs in early zebrafish embryos.
Our genomic sequence analysis of zebrafish cpn10 and cpn60 shows that these genes share a common promoter containing a single heat shock element (HSE), and are organized in a head-to-head arrangement similar to that previously reported in rat (Ryan et al. 1997) . Further database analysis revealed that this arrangement is also found in human and pufferfish cpn10 and cpn60 sequences. Indeed, this genomic organization extends beyond the vertebrates, because it is also found in a the nematode C. elegans, suggesting that it represents an efficient means to maintain coordinate regulation of these members of the chaperonin protein complex in eukaryotes. However, our database search revealed these genes are unlinked in yeast (Garrels 1995) and Drosophila, indicating that a linked genomic arrangement is not absolutely necessary to achieve coordinate regulation of these genes. The presence of an HSE within the promoter region of these genes permits transcriptional induction upon exposure of the organism to elevated temperatures or stress. The zebrafish hsp70 promoter, a unidirectional and heat-inducible promoter, has been exploited with excellent results for use in the production of transgenic zebrafish lines (Halloran et al. 2000; Adam et al. 2000) . We are presently investigating the zebrafish cpn10-cpn60 promoter for its use as a bidirectional and heat-inducible promoter in zebrafish transgenic systems.
